Background: Phosducin is a conserved regulatory phosphoprotein involved in phototransduction whose function is regulated in a 14-3-3-dependent manner. Results: The 14-3-3 protein binding affects the structure and the accessibility of several regions within both domains of phosphorylated phosducin. Conclusion: The 14-3-3 protein sterically occludes the whole G t ␤␥ binding interface of phosducin. Significance: Mechanistic explanation is given for the 14-3-3-dependent inhibition of phosducin function.
Phosducin (Pdc), a highly conserved phosphoprotein involved in the regulation of retinal phototransduction cascade, transcriptional control, and modulation of blood pressure, is controlled in a phosphorylation-dependent manner, including the binding to the 14-3-3 protein. However, the molecular mechanism of this regulation is largely unknown. Here, the solution structure of Pdc and its interaction with the 14-3-3 protein were investigated using small angle x-ray scattering, time-resolved fluorescence spectroscopy, and hydrogen-deuterium exchange coupled to mass spectrometry. The 14-3-3 protein dimer interacts with Pdc using surfaces both inside and outside its central channel. The N-terminal domain of Pdc, where both phosphorylation sites and the 14-3-3-binding motifs are located, is an intrinsically disordered protein that reduces its flexibility in several regions without undergoing dramatic disorder-to-order transition upon binding to 14-3-3. Our data also indicate that the C-terminal domain of Pdc interacts with the outside surface of the 14-3-3 dimer through the region involved in G t ␤␥ binding. In conclusion, we show that the 14-3-3 protein interacts with and sterically occludes both the N-and C-terminal G t ␤␥ binding interfaces of phosphorylated Pdc, thus providing a mechanistic explanation for the 14-3-3-dependent inhibition of Pdc function.
Phosducin (Pdc)
3 is a highly conserved phosphoprotein involved in the regulation of visual signal transduction, transcriptional control, regulation of transmission at the photoreceptor-to-ON-bipolar cell synapse, and modulation of sympathetic activity and blood pressure (1) (2) (3) (4) (5) . Other members of the Pdc protein family, Pdc-like proteins, act as co-chaperons and assist in the folding of a variety of proteins (6) . The function of Pdc is best understood in the modulation of light-induced processes in rod photoreceptor cells where Pdc assists in the process of shutting down rod responsiveness during prolonged exposure to intense light. Pdc binds to the complex of ␤␥ subunits of the retinal G protein transducin (G t ␤␥), mediates its sequestration to the cytosol, and prevents its re-association with the G t ␣ subunit of transducin. The binding of Pdc to the G t ␤␥ complex is controlled through the phosphorylation of Ser 54 and Ser 73 by Ca 2ϩ -calmodulin-dependent and cAMP-dependent protein kinases (2, (7) (8) (9) . However, the phosphorylation of these two sites by itself has only a weak effect on Pdc binding to G t ␤␥ in the intact retina, and the efficient inhibition of this interaction requires the presence of the 14-3-3 protein that associates with the phosphorylated Pdc and presumably blocks its interaction with G t ␤␥ (9 -11). The 14-3-3 proteins are highly conserved dimeric molecules that recognize specific phosphoserine/phosphothreonine-containing motifs. Through these binding interactions, the 14-3-3 proteins regulate functions of other proteins by modulating their structure, masking functional sites on their surfaces, or promoting protein/protein interactions (12) . The exact role of the 14-3-3 protein binding in Pdc regulation is, however, still unclear mainly due to the lack of structural data.
The structural analysis of the Pdc⅐G t ␤␥ complex revealed that Pdc consists of two separate domains that are both involved in binding to G t ␤␥ (Fig. 1A) (13, 14) . Whereas the mostly helical N-terminal domain (Pdc-ND) constitutes the main part of Pdc's interaction surface with G t ␤␥ (ϳ65% of the total binding surface) and is responsible for competing with G t ␣ for G t ␤␥, the C-terminal domain (Pdc-CD) possesses the thioredoxin-like fold and seems to be responsible for blocking the interaction of G t ␤␥ with the membrane. These structural studies also suggested that Pdc-ND is highly flexible, especially in regions where it does not contact G t ␤␥, and in its free state it lacks an explicit native conformation in contrast to the helical conformation observed in the complex with G t ␤␥. Phosphorylation sites Ser 54 and Ser 73 , which control the binding of Pdc to G t ␤␥, are both located within Pdc-ND, and it has been shown that their simultaneous phosphorylation is required for a stable complex formation between phosphorylated Pdc (pPdc) and the 14-3-3 protein (15) . This suggested that phosphorylation of Ser 54 and Ser 73 creates two 14-3-3-binding motifs that are used simultaneously to engage both ligand binding grooves within the 14-3-3 protein dimer. The presence of both 14-3-3-binding motifs within Pdc-ND also indicates that this domain constitutes the main part of Pdc's interaction surface with the 14-3-3 protein, which might either sterically block the Pdc's G t ␤␥-binding surface and/or change its structure. We have recently shown, using time-resolved dansyl fluorescence spectroscopy, that the 14-3-3 protein binding reduces the segmental dynamics within several regions of the dansyl-labeled pPdc molecule, suggesting that pPdc undergoes a conformational change upon binding to 14-3-3 (15) . These changes involve parts of the G t ␤␥ binding surface of Pdc-ND, thus supporting the inhibitory role of the 14-3-3 protein in Pdc binding to G t ␤␥. In addition, it has also been speculated that the 14-3-3 protein binding decreases the rate of Pdc dephosphorylation after a light stimulus by virtue of its interaction with phosphorylated Ser 54 and Ser 73 , thus lengthening the time that Pdc remains phosphorylated after a light exposure and/or stabilizes the N-terminal domain and protects phosphorylated Pdc from degradation (9) . Yet another role for the 14-3-3 protein binding might be in the regulation of Pdc interaction with other proteins, including the SUG1 subunit of the proteasome complex and the transcription factor CRX (3, 16) . More detailed structural data on Pdc, of which the unbound (apo) structure is unknown, and its complex with the 14-3-3 protein are clearly needed to better understand the role of 14-3-3 in the regulation of Pdc function.
Here, we use small angle x-ray scattering (SAXS), timeresolved fluorescence spectroscopy, quenching of tryptophan fluorescence, hydrogen-deuterium exchange kinetics coupled with mass spectrometry (HDX-MS), and other biophysical approaches to investigate the solution structure of apo Pdc and its interaction with the 14-3-3 protein.
Experimental Procedures
Expression, Purification, and Phosphorylation of Pdc-Rat full-length Pdc (UniProt ID P20942) Q52K mutant doubly phosphorylated at Ser 54 and Ser 73 was prepared as described previously (15) . Pdc-ND (residues 1-107) was prepared by introducing a stop codon instead of Gly 108 using the QuikChange kit (Stratagene). The status of Pdc and Pdc-ND phosphorylation was examined by mass spectrometry. Pdc-CD was prepared by ligating the cDNA encoding sequence 110 -246 into pET-15b (Novagen) using the NdeI and BamHI sites. The entire coding region was checked by sequencing. Both Pdc-ND and Pdc-CD were expressed as His 6 -tagged proteins and purified using the same protocol as full-length Pdc.
Expression and Purification of 14-3-3- The mutant version of the 14-3-3 protein (human isoform ) containing no tryptophan residues (mutations W59F and W228F, denoted as 14-3-3noW) and the C-terminally truncated 14-3-3⌬C (residues 1-230 with deleted disordered C-terminal loop) were prepared as described previously (17, 18) .
Dynamic Light Scattering (DLS)-DLS measurements were carried out as described previously (15) . All measurements were performed in a buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, and 2 mM DTT. The fulllength Pdc, Pdc-ND, and Pdc-CD concentrations were 60 M.
Circular Dichroism (CD) Spectroscopy-Both far-and near-UV CD spectra were measured as described previously (19) . The CD measurements were conducted at 22°C in a buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, and 2 mM 2-mercaptoethanol with protein concentrations of 10 M (far-UV spectra) and 80 -160 M (near-UV spectra).
Analytical Ultracentrifugation (AUC)-Sedimentation velocity (SV) experiments were performed using a ProteomeLab TM XL-I analytical ultracentrifuge (Beckman Coulter) as described previously (19) . Samples were dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, and 2 mM 2-mercaptoethanol before analysis. All sedimentation profiles were recorded with absorption optics. The diffusion-deconvoluted sedimentation coefficient distributions c(s) were calculated from raw absorbance data using the software package SEDFIT (20) . SV analysis of interaction between full-length pPdc (pPdc-ND and Pdc-CD) and 14-3-3⌬C was performed at various loading concentrations and molar ratios; this was followed by the integration of calculated distributions to determine the overall weight-averaged s values (s w ). Constructed s w isotherms were fitted with A ϩ B º AB model as implemented in the software package SEDPHAT with known s w values of individual components as prior knowledge. Resulting parameters were verified, and loading concentrations were corrected using the global Lamm equation modeling also implemented in the SEDPHAT software (20, 21) .
Small Angle X-ray Scattering-SAXS data were collected on the European Molecular Biology Laboratory (EMBL) P12 beamline on the storage ring PETRA III (Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany). The SAXS measurements were conducted in buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, and 2 mM 2-mercaptoethanol. The Pdc concentrations were 2.3, 3.4, and 4.2 mg⅐ml Ϫ1 . The data were averaged, and the scattering of buffer was subtracted using PRIMUS (22) . The forward scattering I(0) and the radius of gyration R g were calculated using the Guinier approximation (23) . The distance distribution functions P(r) and the maximum particle dimensions D max were computed from the entire scattering pattern using the program GNOM (24) . The solute apparent molecular mass (MM exp ) was estimated by comparison of the forward scattering with that from reference solutions of bovine serum albumin (molecular mass 66 kDa). Ab initio molecular envelopes were computed by the program DAMMIN (25) . Multiple iterations of DAMMIN were aver-aged using the program DAMAVER (26) . The analysis based on the ensemble optimization method was performed using the program EOM (27) .
Time-resolved Fluorescence Measurements-Fluorescence decays were measured on an apparatus described previously (28) . The apparatus included frequency-tripled Ti:Sapphire laser (Coherent, Chameleon Ultra II) and the time-correlated single photon counting detection (Becker&Hickl, SPC150) with cooled MCP-PMT (Hamamatsu, R3809U-50). Tryptophan was excited at 298 nm, and its emission was collected at 355 nm using a monochromator (Horiba, H-20) with a stack of UG1 and BG40 glass filters placed in front of the input slit. ANS emission was excited and measured at 355 and 480 nm, respectively, using the monochromator with the 405-nm long-pass filter in the emission channel. Decays were accumulated under the magic angle conditions, typically in 1024 channels and a time resolution of 50 ps/channel, until 10 7 counts per decay were reached. Samples were placed in a thermostatic holder, and all experiments were performed at 23°C in a buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, and 2 mM 2-mercaptoethanol. The Pdc concentration was 30 M, and the 14-3-3noW protein concentration was 60 M. ANS fluorescence experiments were performed with 5 M Pdc and 20 M ANS. Fluorescence was assumed to decay multiexponentially according to Equation 1,
where 32 ⌺ i ␣ i ϭ 1 and i and ␣ i are the fluorescence lifetimes and the corresponding amplitudes, respectively. Decays were analyzed by a singular value decomposition maximum entropy method for oversampled data (29) . The program yields amplitudes, ␣ i , representing lifetime distributions. Typically, we used 100 lifetimes equidistantly spaced in the logarithmic scale, ranging from 50 ps to 100 ns. The mean fluorescence lifetime of the whole decay was calculated from Equation 2,
Polarized fluorescence decays were measured with fixed emission polarizer set in the vertical position, and the excitation polarization plane was rotated between 0 and 90°. In this configuration the G-factor was close to one, and its value was determined in an independent experiment. Fluorescence anisotropy decays r(t) were obtained by simultaneous reconvolution of parallel I ʈ (t) and perpendicular I Ќ (t) decay components (30, 31) using model-independent singular value decomposition maximum entropy method that does not set prior limits on the distribution shape (29) . The anisotropies r(t) were assumed to decay multiexponentially as shown in Equation 3,
where amplitudes ␤Ј i represent a distribution of the correlation times Ј I (⌺␤Ј i ϭ r 0 ), and r 0 is the initial anisotropy. We used 100 correlation times Ј i equidistantly spaced in the logarithmic scale and ranging from 50 ps to 200 ns. For multimodal distributions, the mean correlation time associated with the m-th peak of the distribution was calculated from Equation 4,
where index k runs over the nonzero amplitudes of the m-th peak of the distribution only. The area of the peak represents the associated mean amplitude ␤ m .
Tryptophan Fluorescence Quenching Experiments-Fluorescence quenching measurements were performed at 22°C on an ISS PC1 photon counting spectrofluorometer, using a 1-nm bandpass on both the excitation and emission monochromators. Samples (35 M pPdc and 70 M 14-3-3noW) were dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, and 2 mM 2-mercaptoethanol. SternVolmer plots were constructed using the changes in fluorescence intensity at 340 nm (with excitation at 297 nm) and fitted with Equation 5 ,
where I 0 is the fluorescence intensity in the absence of the quencher; I is the fluorescence intensity of the sample in the presence of the quencher with the concentration [Q]; K SV is the Stern-Volmer constant, and V is the static quenching constant. The K SV is equal to mean k q , where k q is the bimolecular rate constant for quenching, and mean is a mean fluorescence lifetime of the tryptophan in the absence of a quencher (32) . Corrections for the inner filter effect were performed as described previously according Equation 6 (33) ,
where I C is the corrected fluorescence intensity; I is the measured fluorescence intensity, and A ex and A em are sample absorbances at the excitation and emission wavelength, respectively.
Hydrogen-Deuterium Exchange Kinetics Coupled to Mass Spectrometry-Hydrogen/deuterium exchange was followed for individual proteins alone (Pdc, pPdc, and 14-3-3⌬C) and for 2:1 molar mixture of 14-3-3⌬C:pPdc. Concentrations of the proteins during exchange were 120 M for 14-3-3⌬C and 60 M for Pdc or pPdc. HDX was started by a 5-fold dilution of the proteins to deuterated buffer (20 mM Tris-HCl, pD 7.5, 200 mM NaCl, 1 mM EDTA, 5 mM DTT, 10% glycerol), and aliquots of 10 l were collected at 40 s, 4 and 15 min, and 1, 3, and 8 h of exchange. Exchange was stopped by the addition of 57 l of 6 mM HCl and freezing in liquid nitrogen. Analysis of deuterated samples (HPLC-MS) and data processing were done as described elsewhere (34) except for the following modifications. Injection volume was 20 l and shorter gradient was used, 10 -25% B (95% acetonitrile, 5% water, 0.4% formic acid) in 5 min, followed by a quick step to 40% B.
Results

N-terminal Domain of Pdc Is Intrinsically Disordered Protein and Adopts Highly Extended Conformation-
The crystal structure of the Pdc⅐G t ␤␥ complex revealed that Pdc-ND includes the first 110 amino acid residues (Fig. 1A) and constitutes the main part of Pdc's interaction surface with G t ␤␥ (13, 35). It has also been suggested that this domain is poorly structured in the apo-state compared with the ordered and helical conformation observed in the complex with G t ␤␥ (14) . Because both regulatory phosphorylation sites and the 14-3-3 protein-binding motifs (Ser 54 and Ser 73 ) are located within this presumably unstructured Pdc-ND, we first performed its detailed biophysical characterization using DLS, analytical ultracentrifugation, and fluorescence spectroscopy. The analysis of Pdc sequence using PONDR VL3 (36), DISOPRED (37), UIPRED (38) , and PONDR FIT (39) predictors suggests that the majority of Pdc-ND (residues 1-101) and the very C terminus of Pdc-CD (residues 225-246) are unstructured (Fig. 1B) . Another typical feature of unstructured proteins is their low compactness. Thus, DLS measurements were performed to obtain information on the hydrodynamic radii (R H ) of Pdc and its isolated domains. The comparison of R H reveals that Pdc-ND, although possessing a smaller number of amino acid residues compared with Pdc-CD, exhibits significantly larger R H (Table 1) . Both full-length Pdc and Pdc-ND also show significantly larger R H compared with theoretical values calculated for proteins of given molecular masses in a natively folded state (Table 1) (40) . In addition, the experimental R H of Pdc-ND is comparable with the theoretical value calculated for its guanidinium chloride-unfolded state supporting the disordered nature of this domain.
The SV AUC experiments were next performed to confirm that large values of R H observed for Pdc and Pdc-ND were due to a nonglobular structure and not their oligomerization. The normalized continuous sedimentation coefficient distributions, c(s), obtained from these experiments, are shown in Fig.  2A . The analysis of distributions reveals that Pdc-ND, Pdc-CD, and full-length Pdc shows single peaks with a weight-averaged sedimentation coefficient (corrected to 20.0°C and the density of water), s w (20, w) , values of 1.5, 1.8, and 2.4 S, respectively. These values of s w (20, w) correspond to molecular masses of ϳ14.4, ϳ18.7, and ϳ31.8 kDa, respectively, suggesting all three proteins are monomers in solution (theoretical molecular mass of Pdc-ND, Pdc-CD, and full-length Pdc are 14.64, 17.41, and 30.16 kDa, respectively).
The disordered nature of Pdc-ND is also corroborated by its CD spectra. The far-UV CD spectrum shows a large negative ellipticity in the region around 200 nm similarly to spectra of other intrinsically disordered proteins including the Listeria monocytogenes virulence protein ActA (41), the bovine viral diarrhea virus core protein (42) , or the substrate domain of p130 Cas (Fig. 2B ) (43) . In addition, the near-UV CD spectrum of Pdc-ND is weak and featureless, suggesting its aromatic side chains have no well defined conformation, thus corroborating the disordered state of this domain (Fig. 2C) . In contrast, the CD spectra of Pdc-CD show features of a well folded protein containing a significant amount of secondary structure and Residues that were mutated to prepare single Trp-containing mutants of Pdc are shown in green. B, bioinformatics analysis using PONDR VL3 (36), DISOPRED (37), UIPRED (38) , and PONDR FIT (39) predictors suggests that the majority of Pdc-ND (residues 1-101) and the very C terminus of Pdc-CD (residues 225-246) are unstructured. The position of both phosphorylation sites/the 14-3-3 protein-binding motifs is shown on top. whose aromatic side chains possess a well defined conformation (44) .
The structural differences between Pdc-ND and Pdc-CD were next studied using time-resolved fluorescence of ANS. It has been shown that this hydrophobic fluorescence probe has significantly higher affinity for folded and partly folded proteins than for the unstructured and/or unfolded ones, and thus it is frequently used to study structural properties of protein molecules (45) . The ANS binding to and/or into hydrophobic regions of folded or molten globular proteins is accompanied by the characteristic increase in the mean excited-state lifetime ( mean ). The measured values of mean of ANS bound to Pdc, Pdc-ND, and Pdc-CD are shown in Table 1 . The significantly lower value of mean for ANS bound to Pdc-ND compared with Pdc-CD or Pdc is consistent with the expected unfolded state and the low hydrophobicity of the N-terminal domain. Thus, all these data suggest that Pdc-ND is intrinsically disordered and adopts a highly extended conformation.
Solution Structure of the Free Pdc-Because the unbound (apo) structure of Pdc is unknown, we next used the SAXS, an established technique for structural analysis of flexible systems, including intrinsically disordered proteins (46) , to study the solution structure of Pdc. The Guinier analysis revealed that all Pdc samples are monodisperse as their Guinier plots are linear in the region s*R g Ͻ1.3, where s is the momentum transfer, and R g is the radius of gyration (Fig. 3A) . Values of the R g calculated from the slope of the Guinier plot (R g ϭ 36.5-37.0 Å) suggest that the free Pdc adopts an extended state (Table 2 ). In comparison, the globular molecule of the 14-3-3 protein dimer (yeast isoform Bmh1) with double molecular weight has a R g value of 32.6 Å (47). The distance distribution functions P(r) calculated from the scattering data using the program GNOM (24) are shown in Fig. 3B . The P(r) functions are similarly shaped for all measured Pdc samples and show peak around 27 Å and the maximum distance D max 120 -129 Å ( Table 2 ). The elongated and highly asymmetric shape of the P(r) functions corroborates the extended state of the Pdc molecule. The calculated molecular weight derived from the forward scattering intensity I(0) is consistent with the expected molecular weight of the Pdc monomer ( Table 2 ). The Kratky plot (s 2 I(s) versus s), which reflects the degree of compactness of the scattering particles, has a shape typical for a partially unfolded protein with flat peak at low s and an increase in s 2 I(s) in the larger s range (Fig. 3C ) (48, 49) .
Two different approaches were used to model the solution structure of free Pdc. First, the low resolution ab initio envelope of Pdc was calculated using DAMMIN (25) . The final envelope consists of an average of 10 individual reconstructions and the individual envelopes agreed well with each other (the mean value of normalized spatial discrepancy was 0.52 Ϯ 0.03). The obtained ab initio envelope of Pdc possesses a rod-like extended shape with one end being narrower than the other (Fig. 3D) . The size of the narrower smaller part corresponds well with the size of Pdc-CD, suggesting that the larger and wider part represents the disordered N-terminal domain. However, the validity of such ab initio reconstruction for disordered proteins, which describes a highly flexible structure using one conformation, is uncertain although useful to visualize a diffuse nature of disordered molecule (46, 50) . Therefore, we next used a more appropriate approach based on the EOM (27) . The C-terminal domain of Pdc (residues 106 -230) was treated as a rigid body and the flexible N-terminal domain and the very C terminus (residues 1-105 and 231-246, respectively) as a chain of dummy residues. An initial pool of 10,000 Pdc models with random conformation of the N-terminal domain and the very C terminus free of steric clashes was generated. Next, a genetic algorithm was used to select an ensemble of Pdc conformers that collectively fit the experimental SAXS data. The EOM analysis yielded an ensemble (containing 18 conformers) that fits the experimental scattering curve of Pdc (c ϭ 4.2 mg/ml) with 2 value of 0.98 (Fig. 4A) . The comparison of the R g distributions of the EOM-selected conformational ensemble with the initial pool is shown in Fig. 4B . As can be noticed, the R g distribution of the EOM-selected ensemble is narrower and biased toward less compact structures when compared with the pool, and it contains single peak centered around an R g of 34.2 Å, consistent with R g values calculated from the scattering curves (Table 2) . Very similar results were also obtained from the EOM analysis of other two Pdc samples (c ϭ 3.4 and 2.3 mg/ml). The selected conformers that fit the experimental scat- tering curve with the lowest 2 value (Fig. 4C) show substantial structural variability (the mean value of normalized spatial discrepancy is 2.02), suggesting significant flexibility of the N-terminal domain. In addition, none of these conformers by itself could account for the observed Pdc scattering, as revealed by comparing the P(r) curves calculated from these models with the experimental P(r) curve (Fig. 4D) . We also attempted to model the Pdc molecule as two rigid domains connected with the flexible linker similarly to Pdc structure observed in the Pdc⅐G t ␤␥ complex (13, 14) . However, the EOM analysis using this model yielded an ensemble that fits the experimental scattering curve of Pdc significantly worse (with 2 value of 1.51) compared with the model containing ordered C-terminal domain and disordered N-terminal domain (Fig. 4E) . In addition, the comparison of the R g distributions of the EOM-selected ensemble with the pool revealed that the molecule of Pdc is significantly more extended than expected from the pool simulation (Fig. 4F) , indicating that the two-domain model is unable to properly describe the solution structure of free Pdc. 
Structural Analysis of Phosducin and its Complex with 14-3-3
Thus, the analysis of SAXS measurements suggests that molecules of free Pdc are monomers that possess extended conformations due to the highly flexible and unstructured N-terminal domain, in agreement with data obtained from DLS, analytical ultracentrifugation, CD spectroscopy, and ANS fluorescence (Table 1 and Figs. 1 and 2) . (Fig. 1A) . The sequence of Pdc contains only one tryptophan residue at position 29; thus, this residue was mutated to Phe, and tryptophan was inserted into selected positions (mutations Y93W, F107W, F123W, and F208W). The human 14-3-3noW protein mutant missing all Trp residues (mutations W59F and W228F) was used in all tryptophan fluorescence measurements. We previously showed that these two mutations have no effect on the binding properties of the 14-3-3 protein (17, 51) . Time-resolved fluorescence intensity and anisotropy decays were analyzed using a singular value decomposition maximum entropy method as described previously (29) . Because the tryptophan residue frequently exhibits complicated multiexponential decays whose detailed interpretation is often impossible (52, 53) , we decided to use a mean fluorescence lifetime ( mean ) as a robust qualitative indicator of changes in the microenvironments of inserted Trp residues (Table 3 and Fig. 5 (Fig. 5A) . The reduced mean can be interpreted as increased contacts with the polar environment and/or altered quenching interactions in the vicinity of these residues, suggesting that in the apo-state both domains interact with each other, and the phosphorylation of Ser 54 and Ser 73 within Pdc-ND affects this interaction. However, the interaction between pPdc and 14-3-3noW significantly increased the mean of Trp 29 , Trp 93 , and Trp 208 (Fig.  5B ). This could be the result of either the 14-3-3-induced conformational change of pPdc, which affects interaction of these residues with their surroundings, and/or a direct interaction of 14-3-3noW with these residues, reducing their contacts with the polar environment or altering quenching interactions in their vicinity.
Conformational Behavior of Pdc and Its Changes upon Phosphorylation and 14-3-3 Binding-The
It is reasonable to assume that such interactions would also affect the mobility and/or the accessibility of these residues. Thus, we next studied segmental motions of inserted tryptophans using the polarized time-resolved emission measurements (Table 3 and Fig. 5 ). The fluorescence anisotropy decays of all five tryptophans revealed three classes of correlation times. Short correlation times located around 0.3-0.9 ns (␤ 1 ) and 1.4 -3.0 ns (␤ 2 ) reflect the fast local motions of tryptophan residues, and the third correlation time, 3 , likely reflects the rotational diffusion of the whole molecule. Changes in the extent of segmental motion of inserted tryptophans can be judged from the change in the sum of amplitudes of fast anisotropy decay components
, where r 0 is a constant (33) , it is advantageous to evaluate the internal motion from the change of ␤ 3 because it can be assessed with better accuracy than ␤ short . As seen from Equation 3, lower ␤ 3 indicates larger extent of the internal protein mobility and vice versa. The obtained increase in ␤ 3 revealed that the 14-3-3noW binding substantially decreased segmental motions of Trp 29 and Trp 93 from pPdc-ND and, to a lesser extent, Trp 208 from pPdc-CD (Table 3 and Fig. 5B ). These changes suggest suppressed segmental flexibility of regions where these Trp residues are located, presumably through direct physical contacts. The phosphorylation by itself significantly affected only the region containing Trp 29 , which is more flexible upon the modification, whereas the mobility of other tryptophans was not significantly affected (Fig. 5A) . The suggested steric shielding of several Trp resi- dues by the 14-3-3noW binding should also change their accessibility to the solute quencher. Thus, we next performed acrylamide quenching to test this hypothesis. Table 4 shows values of the bimolecular quenching constant, k q , that were obtained by fitting the Stern-Volmer plots using Equation 5. As can be noticed, the accessibility of Trp 29 , Trp 93 , Trp 107 and, to a lesser extent, Trp 208 to the acrylamide significantly decreases in the pPdc⅐14-3-3noW complex. The accessibility of Trp 123 to the solvent remains unaltered. In agreement with the fluorescence lifetime data, the quenching experiments indicated for pPdc lower accessibility of Trp 29 , Trp 93 , and Trp 107 from pPdc-ND and Trp 208 from pPdc-CD in the presence of 14-3-3noW, thus supporting involvement of segments containing these residues in binding to 14-3-3. 
TABLE 4
Results of acrylamide quenching of tryptophan fluorescence
pPdc Trp 
Analysis of Interaction between pPdc and 14-3-3
Using SV AUC-The AUC was next used to further investigate the interaction between pPdc and 14-3-3. Similarly as in our previous study, we used in these experiments the 14-3-3 protein deleted of its C-terminal 15 residues to increase the stability of the pPdc⅐14-3-3 complex (15). This region functions as an autoinhibitor of 14-3-3/ligand interactions and is disordered in all available crystal structures of the 14-3-3 proteins (17, 51, 54) . A similar approach was also used by Ottmann et al. (55) to stabilize the interaction between 14-3-3 and plant plasma membrane H ϩ -ATPase. A range of different molar ratios between full-length pPdc (or pPdc-ND and Pdc-CD) and 14-3-3 was examined using SV AUC. Analysis of the isotherm of weightaveraged s values (s w isotherm) as a function of pPdc concentration revealed the best fit apparent equilibrium dissociation constant (K D ) of 7 Ϯ 3 M using a 1:1 (one molecule of pPdc and one 14-3-3 dimer) Langmuir binding model (Fig. 6A) . Interestingly, the analysis of the s w isotherm determined over a range of different molar ratios between pPdc-ND and 14-3-3 revealed that pPdc-ND exhibits slightly higher binding affinity for 14-3-3 compared with the full-length pPdc with the best fit K D of 3 Ϯ 2 M (Fig. 6B) . However, the s w isotherm for Pdc-CD revealed no significant binding interaction with 14-3-3 ( Fig.  6C) suggesting that the phosphorylation-dependent interaction between pPdc-ND and 14-3-3 is responsible for the stability of the pPdc⅐14-3-3 complex. In addition, the higher binding affinity observed for pPdc-ND compared with full-length pPdc is consistent with our suggestion that both domains interact with each other (based on results of time-resolved tryptophan fluorescence, Fig. 5A ), as the removal of Pdc-CD can increase the accessibility of phosphorylated motifs within pPdc-ND. 
Mapping of the Interactions between pPdc and 14-3-3 Using
HDX-MS-Next, HDX-MS was used to map the protein/protein interactions between pPdc and 14-3-3. The HDX kinetics of the complex as well as free 14-3-3, pPdc, and Pdc proteins were measured. The exchange kinetics of 14-3-3 was followed on 121 peptides covering 100% of the sequence, although 87 peptides were used in the case of Pdc also covering the entire sequence. The exchange kinetics profile of Pdc alongside the sequence (Fig. 7A) revealed that the N-terminal half of the Pdc molecule exhibits relatively fast deuteration kinetics reflecting ) and the presence of pPdc (shown in red) after 8 h of deuteration. The secondary structure elements of 14-3-3 are shown on top. B, graphs representing HDX kinetics for four selected 14-3-3 regions that show changed deuterium exchange kinetics upon pPdc binding. Deuterium exchange is expressed as percentages relative to the maximum theoretical deuteration level (left vertical axis) as well as a number of exchangeable protons (right vertical axis) for selected 14-3-3 peptides alone (black squares) and in the presence of pPdc (red circles). C, HDX kinetics for all 14-3-3 regions that show changed deuterium exchange kinetics upon pPdc binding (shown in various colors) mapped on the surface representation of the 14-3-3 structure (only one chain of the 14-3-3 dimer is colored as the changes on the second one are the same) (64) . its disordered and highly flexible character (Fig. 7B) , whereas the C-terminal half is characterized by exchange curves typical for structured protein regions (Fig. 7C) . In general, phosphorylation does not induce differences in solvent accessibility and/or hydrogen bonding except for three regions of the Pdc molecule where significant changes were observed. The first region, around the phosphorylation motif (delimited here by the peptide 51-76), exhibited higher deuteration upon phosphorylation, which can be interpreted as better accessibility of this part of Pdc. In contrast, the second region (peptide 152-157) and the third region (e.g. peptide 213-223) show protection of Pdc against deuterium exchange upon phosphorylation. This change in deuteration kinetics is consistent with the existence of contacts between Pdc-CD and Pdc-ND as also suggested by SAXS and time-resolved fluorescence measurements. The HDX for pPdc in the presence of 14-3-3 revealed no significant changes in deuteration kinetics considering the errors of the experiment. This insensitivity of pPdc backbone amide hydrogens to changes in deuteration kinetics upon the binding to 14-3-3 might be caused either by the highly flexible character of Pdc-ND as such regions undergo a very fast deuteration kinetics that are less sensitive to protein/protein interactions or by the predominantly electrostatic and side chain-mediated interactions between these two proteins. A similar effect was also observed, for example, for phosphorylated RGS3 in the complex with 14-3-3 (56) or the heteromeric complex containing UBC9 and SUMO-1 (57) . Moreover, several regions of 14-3-3 (sequences 46 -59, 155-174, and 191-196 ) exhibited a significant decrease in deuterium incorporation upon the pPdc⅐14-3-3 complex formation (Fig. 8, A and B) . This slower exchange kinetics can be interpreted as lower solvent exposure and/or the change in hydrogen bonding following the binding to pPdc, thus suggesting that protected regions of 14-3-3 (or their parts) form the binding interface. Furthermore, as can be noticed from Fig. 8C , these regions map not only to the surface of the ligand binding groove formed by helices H3, H5, and H7 but also to the surface formed by helices H6 and H8 outside the central channel similarly as has been observed in the RGS3⅐14-3-3 and the Nth1⅐Bmh1 complexes (47, 56, 58) . Surprisingly, the C-terminal part of helix H9 (peptide 220 -227) showed the opposite trend as the 14-3-3 in complex with pPdc became more accessible for deuteration. However, this effect vanished later during the exchange reflecting dynamic behavior of this region.
Discussion
The main aim of this study is to provide a mechanistic insight into the regulation of Pdc by means of the 14-3-3-protein binding. Bioinformatics analysis revealed that more than 90% of the 14-3-3 binding partners contain intrinsically disordered segments, and the majority of the high affinity 14-3-3-binding motifs are located within these disordered regions (59, 60) . The presence of the 14-3-3-binding motifs within flexible regions likely uncouples the binding strength from the specificity and renders these phosphorylation-dependent and highly specific interactions reversible. Structural studies of the Pdc⅐G t ␤␥ complex suggested that Pdc is not an exception because Pdc-ND has been found to be highly flexible and poorly structured (13, 14) . Theoretical prediction as well as biophysical characterization clearly showed that Pdc-ND, in contrast to the folded and compact Pdc-CD, is intrinsically unstructured and adopts a highly extended conformation (Figs. 1 and 2 and Table 1 ). The disordered and highly flexible nature of Pdc-ND was also confirmed by SAXS analysis, which revealed that solution structure of Pdc is best described as an ensemble of structurally variable conformers consisting of rigid Pdc-CD and flexible Pdc-ND (Figs. 3   FIGURE 9 . 14-3-3 protein interacts with and sterically occludes both the N-and C-terminal G t ␤␥ binding interfaces of pPdc. The 14-3-3 protein and Pdc-CD are shown in light brown and violet, respectively. The 14-3-3 regions that show changed deuterium exchange kinetics upon pPdc binding are colored as in Fig. 8C . The missing Pdc-ND is schematically shown as a blue dashed line. The approximate positions of phosphorylation sites Ser 54 and Ser 73 as well as tryptophan residues used in quenching and time-resolved fluorescence experiments are also shown. The pPdc⅐14-3-3 complex stoichiometry (1:2) as well as the simultaneous engagement of both ligand binding grooves within the 14-3-3 dimer by phosphorylated Ser 54 and Ser 73 are based on previously published data (15) . As can be seen, the 14-3-3 protein binding would sterically occlude the whole Pdc-ND as well as part of Pdc-CD. The position of Pdc-CD is based on results of tryptophan fluorescence measurements (Tables 3 and 4) . and 4 and Table 2 ). In addition, Pdc-ND of unbound (apo) Pdc is significantly more extended compared with the conformation observed in the crystal structure of the Pdc⅐G t ␤␥ complex (Fig. 4) .
HDX-MS measurements revealed no dramatic disorder-toorder transition upon the pPdc binding to 14-3-3, as no significant changes in deuteration kinetics of pPdc peptides were observed in the presence of 14-3-3. However, small but significant reduction of flexibility was detected by time-resolved fluorescence measurements in regions containing Trp 29 , Trp   93 from Pdc-ND, and Trp 208 from Pdc-CD ( Fig. 5 and Table 3 ). Consistently, we also observed an increase in mean as well as a decrease in the accessibility of these three tryptophan residues upon the complex formation (Tables 3 and 4) suggesting interaction between 14-3-3 and Pdc regions containing these residues. In contrast to Pdc, the 14-3-3 dimer offers a rigid and well defined binding surface as several peptides located both inside and outside the central channel exhibited significant decrease in deuterium incorporation upon the complex formation (Fig. 8) . Therefore, it is reasonable to assume that pPdc-ND containing both phosphorylation sites binds into the central channel of 14-3-3, whereas Pdc-CD interacts with regions located outside the central channel of the 14-3-3 dimer through the side containing Trp 208 ( Fig. 9 ) as this residue showed lower accessibility upon the complex formation, although the accessibility of Trp 123 remained unaltered (Table 4) .
SV AUC measurements revealed that pPdc-ND is responsible for the stability of the pPdc⅐14-3-3 complex as no significant binding was observed between the isolated Pdc-CD and 14-3-3 (Fig. 6 ). This suggests that the interaction between 14-3-3 and Pdc-CD is enabled by means of the local concentration effect upon the docking of pPdc-ND into the central channel of 14-3-3. In this respect, the pPdc⅐14-3-3 complex resembles many other 14-3-3 protein complexes where the key interaction for protein association is the coordination of phosphorylated residue(s), and the interactions with regions remote from the phosphorylated 14-3-3-binding motif(s) by themselves are insufficient for stable complex formation. For example, associations of 14-3-3 with serotonin N-acetyltransferase (61), yeast neutral trehalase Nth1 (62), or forkhead transcription factor FOXO4 (63) are fully dependent on the phosphorylation of the 14-3-3-binding motif(s) despite extensive interactions beyond those involving the phosphorylated motifs and the 14-3-3 binding grooves.
The Pdc-ND constitutes the larger part of Pdc's interaction interface with G t ␤␥, whereas Pdc-CD seems to be responsible for blocking the interaction of G t ␤␥ with the membrane (13, 14) . Thus, the binding interaction between 14-3-3 and pPdc-ND might either sterically block the Pdc's G t ␤␥ binding surface and change its structure as well as decrease the rate of Pdc dephosphorylation after a light stimulus by virtue of its interaction with phosphorylated residues (9) . In addition, contacts between 14-3-3 and the region containing Trp 208 suggest that the 14-3-3 binding might also affect the C-terminal part of the G t ␤␥ binding interface of pPdc (Fig. 1A) (13) .
Taken together, the 14-3-3 protein dimer interacts with Pdc using surfaces both inside and outside its central channel. The N-terminal domain of Pdc, where both phosphorylation sites and the 14-3-3-binding motifs are located, is an intrinsically disordered protein that reduces its flexibility in several regions without undergoing dramatic disorder-to-order transition upon binding to 14-3-3. Our data also indicate that the C-terminal domain of Pdc interacts with the outside surface of the 14-3-3 dimer through the region involved in G t ␤␥ binding. Therefore, we show that the 14-3-3 protein interacts with and sterically occludes both the N-and C-terminal Gt␤␥ binding interfaces of phosphorylated Pdc, thus providing a mechanistic explanation for the 14-3-3-depedent inhibition of Pdc function.
